In general, AMPK switches off ATP-consuming processes such as biosynthetic pathways, while switching on catabolic processes that generate ATP, including cellular uptake of glucose (2) and fatty acids (3) and increased fatty acid oxidation (4) in the heart.
The first evidence that AMPK was activated by metabolic stresses appeared 13 years ago, when my group found that AMPK was activated by ATP depletion caused by incubation of isolated rat hepatocytes with high fructose (5), while Witters et al. (6) reported that it was activated by various metabolic poisons in hepatoma cells. We proposed at the time
Figure 1
Role of AMPK in regulating energy balance at the single-cell level. The way in which the AMPK system controls the balance between ATP consumption (e.g., by biosynthesis, cell growth, or muscle contraction) and ATP production via catabolism is illustrated. If the rate of ATP consumption exceeds its rate of production, ADP will tend to rise and be converted to AMP by the enzyme adenylate kinase. The rise in level of the activating ligand AMP, coupled with the fall in level of the inhibitory nucleotide ATP, activates AMPK, which then switches off ATP-consuming processes and switches on catabolism in an attempt to redress the balance.
that the AMPK cascade was a system that might protect cells against stresses that compromise their energy status. Ischemia was one obvious such stress, and Lopaschuk et al. later reported that the kinase was activated by ischemia in perfused rat hearts and that this was associated with high rates of fatty acid oxidation during reperfusion (4). Subsequently, Young et al. provided evidence that AMPK activation in the heart increased glucose uptake via translocation of the transporter GLUT4 to the plasma membrane (2), while Hue's group found that this activation caused phosphorylation and activation of the cardiac isoform of 6-phosphofructo-2-kinase, leading to an increase in fructose-2,6-bisphosphate, an activator of glycolysis (7) . By these mechanisms, activation of AMPK during periods when the blood supply was compromised during ischemic heart disease would stimulate both glucose uptake and glycolysis and thus generate more ATP via anaerobic metabolism, while high rates of fatty acid oxidation would replenish ATP during subsequent reperfusion. Taken together, these findings suggested that AMPK might provide protection during ischemia and reperfusion. This remained, however, only an attractive hypothesis until now, with a new study by Young and coworkers that is reported in this issue of the JCI (8).
Mouse hearts with reduced AMPK are more susceptible to damage during ischemia and reperfusion Previously, Birnbaum's group had constructed transgenic mice that expressed an inactive mutant of the α2 isoform of the AMPK catalytic subunit from a muscle creatine kinase promoter, which provided evidence that AMPK regulated glucose uptake in skeletal muscle in vivo (9) . AMPK is a heterotrimer containing, in addition to the catalytic α subunit, a β subunit with a glycogen-binding domain (10, 11) and a γ subunit with two regulatory sites that bind AMP and ATP antagonistically (12) . Birnbaum (9) had shown that expression of inactive α2 was very effective at suppressing endogenous AMPK activity and thus behaved as a dominant-negative mutant. This probably works because the inactive α2 competes with the active, endogenous α1 and α2 subunits for binding to the available β and γ subunits and (because the muscle creatine kinase promoter provides very high expression levels) completely displaces them from cellular AMPK complexes (Figure 3) .
Because the creatine kinase promoter is also active in cardiac muscle, Young and coworkers were able to use Birnbaum's mouse model to study the role of AMPK in the heart (8). They confirmed that α2 activity was almost totally absent in the heart, although, surprisingly, the basal activity of the α1 isoform was not reduced. This would have been expected, because the α1 isoform also needs to bind to the β and γ subunits, but the authors suggest that the retention of α1 activity might result from the fact that much of the α1 isoform being measured is actually expressed in cells other than cardiac myocytes, such as endothelial cells. The hearts from the transgenic mice did not display any gross structural abnormalities, although they were marginally smaller than hearts from wild-type littermates, had a lower glycogen content, and exhibited a modest impairment in some parameters of contractile function. Of course, these mice also have abnormalities in skeletal muscle and have been found to take less voluntary exercise (9) , so some of the changes in the heart could be secondary to defects in skeletal muscle. A previous study, which did not examine cell survival after ischemia and reperfusion, got around this problem by expressing the inactive α2 from a cardiacspecific promoter (13) . However, Young et al. observed the most interesting changes in cardiac function, which are not likely to be secondary effects, using isolated perfused hearts. During low-flow ischemia in hearts of wild-type littermates, the activities of the α1 and α2 isoforms of AMPK increased markedly, as expected, and both remained elevated during reperfusion. However, in the transgenic hearts, α2 activity was negligible under all conditions, while the α1 activity did not
Figure 2
Role of AMPK in regulating energy balance at the whole-body level. Green arrows indicate positive effects, and red lines with bars indicate negative effects. In the hypothalamus, activation of AMPK in response to low glucose or leptin levels increases food intake (18, 19) ; references for other effects of AMPK activation can be found in recent reviews (1) . FA, fatty acid.
increase above basal values. Satisfyingly, the altered metabolic responses of the hearts from the transgenic animals were completely consistent with the proposed roles of AMPK in controlling cardiac metabolism. Thus, the normal increases in glucose uptake and lactate production during ischemia and reperfusion, and the increase in fatty acid oxidation during reperfusion, were all abolished. The ATP and phosphocreatine contents were also lower in the transgenic hearts during ischemia and did not show any signs of recovery during reperfusion. In addition, left-ventricular contractile function was poorer in the transgenic hearts during ischemia, and recovery during reperfusion was impaired. Most interesting of all, this was accompanied by evidence of both increased necrotic tissue damage and increased apoptosis. Thus, AMPK protects against injury caused by ischemia and reperfusion, most likely by helping to preserve the levels of cellular ATP.
Could AMPK activation be used to treat ischemic heart disease? While many in the AMPK field have long held the view, almost as an article of faith, that the kinase protects cells against the damaging effects of metabolic insults such as ischemia, the article by Young and colleagues (8) is important because it provides the first direct evidence that this is indeed the case. Could drugs that activate AMPK provide protection against tissue damage caused by ischemia and reperfusion? Evidence from trials using the drug acadesine (5-aminoimidazole-4-carboxamide riboside, or AICAR) suggests that this is at least a possibility (14) . Acadesine is an adenosine analog that is taken up into cells via adenosine transporters (15) and converted inside the cell by adenosine kinase to 5-aminoimidazole-4-carboxamide riboside monophosphate (ZMP), an intermediate in the synthesis of GTP and ATP. It was originally proposed that acadesine might have beneficial effects by replacing, via de novo synthesis, the depleted levels of these nucleotides caused by ischemia and reperfusion. However, what was not realized at that time was that ZMP also mimics the effects of AMP to activate the AMPK system (16) . In studies using animal models, acadesine has been shown to provide protection against injury caused by ischemia and reperfusion, and results in trials during human coronary artery bypass graft surgery have shown modest benefits (14) . The rather limited efficacy of acadesine in these trials could either have been because the drug is not a very potent activator of AMPK (especially in cardiac myocytes; ref. 17) , or because the AMPK system would have been rapidly activated during ischemia anyway and did not need a helping hand. However, further studies with novel, more potent AMPK activators are clearly warranted, and with the help of new insights such as those provided by the article in this issue (8) , it is possible that this approach might produce new treatments for ischemic heart disease.
Figure 3
How the dominant-negative mutant works. AMPK is an αβγ heterotrimer, and the catalytic α subunit is not functional unless it is complexed with β and γ. Expression in cardiac myocytes of the inactive, mutant α2 subunit (red) from a strong promoter (muscle creatine kinase) that gives high expression levels means that expression of the inactive α2 is much higher than that of the endogenous, active α1 and α2 subunits. Because the availability of the β and γ subunits is limiting, most of the heterotrimers formed will contain the inactive, mutant α2. The excess α subunits (not complexed with β and γ) are probably recognized by cellular machinery as misfolded proteins and degraded.
